Cadherin first forms homo-cis-dimers on the cell surface of the same cells, followed by formation of homo-transdimers (trans-interactions) in a Ca 2 þ -dependent manner, eventually causing adherens junctions. In addition, transinteracting cadherin induces activation of Rac small G protein, which stabilizes non-trans-interacting cadherin on the plasma membrane by inhibiting its endocytosis through the reorganization of the actin cytoskeleton. However, it has not fully been understood how cadherin induces the activation of Rac. We examined here the molecular mechanism of the activation of Rac by transinteracting cadherin in fibroblasts and epithelial cells. Trans-interacting cadherin induced activation of c-Src locally at the cadherin-based cell-cell adhesion sites. c-Src then tyrosine-phosphorylated Vav2, one of the Rac-GDP/ GTP exchange factors (GEFs), and induced activation of C3G, one of the Rap1-GEFs, through Crk adaptor protein, resulting in the activation of Rap1 locally at the cadherin-based cell-cell adhesion sites. The c-Src-catalysed tyrosine phosphorylation was not sufficient for the activation of Vav2 and the c-Src-induced activation of Rap1 was additionally necessary for it, although activated Rap1 alone was not sufficient for the activation of nontyrosine-phosphorylated Vav2. This effect of Rap1 on Vav2 was mediated by phosphatidylinositol 3-kinase. We describe here the signaling pathway from trans-interacting cadherin to the activation of Rac.
Introduction
Cell-cell adhesion is essential for the embryonic development and the preservation of normal tissue organization and is disorganized in tumor cells, especially during their invasive and metastatic processes. In normal polarized epithelial cells, cell-cell adhesion is mediated through a junctional complex comprised of tight junctions (TJs), adherens junctions (AJs), and desmosomes, whereas in fibroblasts AJs are the major junctional apparatus (Farquhar and Palade, 1963) . TJs function as a barrier that prevents solutes and water from passing between neighboring cells acts and as a fence between the apical plasma membrane and the basolateral one in epithelial cells (Tsukita et al., 2001) . AJs enhance a mechanical attachment between apposed plasma membranes reinforced by undercoated actin filament (F-actin) bundles (Farquhar and Palade, 1963) . At AJs, cadherin and recently identified molecule nectin cooperatively function to establish and maintain AJs (Takeichi, 1988; Yagi and Takeichi, 2000; Shimizu and Takai, 2003; Takai and Nakanishi, 2003; Sakisaka and Takai, 2004) . Cadherin is a Ca 2 þ -dependent transmembrane cell-cell adhesion molecule, which has a single extracellular domain, one transmembrane region, and one cytoplasmic domain (Takeichi, 1988) . Cadherin consists of more than 80 members including E-cadherin, which is classified as the classical cadherin category and expressed in a variety of cells including epithelial cells (Yagi and Takeichi, 2000) . The extracellular domain of cadherin mediates homophilic recognition and interaction with cadherin on neighboring cells. The cytoplasmic tail of cadherin is linked to the actin cytoskeleton through many peripheral membrane proteins, including p120 ctn , b-catenin, a-catenin, a-actinin, and vinculin, which strengthen the cell-cell adhesion activity of cadherin (Nagafuchi, 2001; Chu et al., 2004) . The mutations in these peripheral membrane proteins as well as E-cadherin have been reported to be identified in a variety of cancer cells and to be involved in the malignancy of the cancer (Hirohashi, 1998) . Trans-interacting E-cadherin induces the activation of Rac small G protein, resulting in the formation of lamellipodia (Nakagawa et al., 2001; Noren et al., 2001; Betson et al., 2002; Kovacs et al., 2002) , while there is a report that it induces the activation of Cdc42 small G protein in addition to Rac (Kim et al., 2000) . The physiological relevance of Rac activated by trans-interacting E-cadherin has not been fully elucidated, but we have recently proposed that Rac activated by trans-interacting E-cadherin inhibits the endocytosis of E-cadherin through the IQGAP-dependent reorganization of the actin cytoskeleton and stabilizes E-cadherin on the plasma membrane (Izumi et al., 2004) .
Nectin is an emerging immunoglobulin-like cell-cell adhesion molecule that comprises a family of four members, nectin-1, nectin-2, nectin-3, and nectin-4 Takai and Nakanishi, 2003; Sakisaka and Takai, 2004) . It forms homo-cis-dimers and then homo-or hetero-trans-dimers (trans-interactions) in a Ca 2 þ -independent manner to achieve cell-cell adhesion. Recent evidence has shown that nectin first trans-interacts and then recruits cadherin to the nectin-based cell-cell contact sites, leading to the formation of AJs Takai and Nakanishi, 2003; Sakisaka and Takai, 2004) . We have previously found that trans-interacting nectin induces the activation of Cdc42 and Rac (Kawakatsu et al., 2002 Fukuhara et al., 2004; Fukuyama et al., 2005) . In the trans-interacting nectin-induced signaling, nectin first recruits and activates c-Src (Fukuhara et al., 2004) , which then phosphorylates FRG, a Cdc42-GDP/GTP exchange factor (GEF), and Vav2, a Rac-GEF (Fukuhara et al., 2004; Fukuyama et al., 2005; Kawakatsu et al., 2005) . c-Src, on the other hand, induces activation of C3G, a Rap1-GEF, through Crk adaptor protein, resulting in activation of Rap1 . The tyrosine phosphorylation alone was not sufficient for the activation of FRG, and the c-Src-mediated activation of Rap1 is additionally necessary for the activation of FRG, which eventually activates Cdc42. Similarly, the tyrosine phosphorylation alone was not sufficient for the activation of Vav2, and Cdc42 activated in this way is additionally necessary for the activation of Vav2, which eventually activates Rac (Fukuhara et al., 2004; Fukuyama et al., 2005; Kawakatsu et al., 2005) . Cdc42 activated in this way then increases the number of filopodia and cell-cell contact sites, whereas Rac in this way then induces the formation of lamellipodia and efficiently seals the cellcell contacts between filopodia like a zipper. In these ways, trans-interacting nectin increases the velocity of the formation of AJs (Fukuhara et al., 2003 (Fukuhara et al., , 2004 Honda et al., 2003a; Fukuyama et al., 2005) .
Although the trans-interacting nectin-induced activation of Cdc42 and Rac is independent of phosphatidylinositol 3 (PI3)-kinase in L fibroblasts (Honda et al., 2003b) , involvement of PI3-kinase in the trans-interacting E-cadherin-induced activation of Rac is controversial. One study has demonstrated that the activation of Rac by trans-interacting E-cadherin is independent of PI3-kinase in human keratinocytes (Betson et al., 2002) , while others have insisted that PI3-kinase is necessary for the activation of Rac induced by trans-interacting E-cadherin in L, CHO, and MDCKII cells (Nakagawa et al., 2001; Kovacs et al., 2002; Hoshino et al., 2004) . Moreover, Rap1 has recently been shown to regulate the E-cadherin-based cell-cell adhesion (Hogan et al., 2004; Price et al., 2004) . However, the signaling pathway from trans-interacting E-cadherin has not fully been understood. We have systematically examined here how trans-interacting E-cadherin induces the activation of Rac during the formation of AJs.
Results
Involvement of c-Src in the trans-interacting E-cadherin-induced activation of Rac We have previously shown that trans-interacting nectin first induces activation of c-Src, which then induces the activation of Cdc42 and Rac (Fukuhara et al., 2004) . We therefore examined whether c-Src is similarly involved in the trans-interacting E-cadherin-induced activation of Rac. L cells stably expressing E-cadherin (EL cells) were cultured on the coverslips coated with the extracellular fragment of E-cadherin fused to human IgG Fc (Cef) or IgG as a control in the presence of PP2, an inhibitor of Src family kinases (SFKs), or PP3, an inactive analogue of PP2. Cef induced formation of lamellipodial cell protrusions in the presence of PP3, but not in the presence of PP2 (Figure 1a ). IgG did not induce the formation of the protrusions irrespective of the presence of PP2 and PP3. Essentially the same results were obtained in MDCK cells stably expressing E-cadherin (E-cadherin-MDCK cells). We used E-cadherin-MDCK cells rather than wild-type MDCK cells, because the trans-interacting E-cadherin-induced activation of Rac and subsequent formation of lamellipodia are more prominent in E-cadherin-MDCK cells than wild-type MDCK cells in this assay as described (Hoshino et al., 2004) . Cef induced the activation of Rac, but not Cdc42, in the presence of PP3 in EL cells, but this Cef-induced activation of Rac was reduced in the presence of PP2 (Figure 1b) . Next, when EL cells transiently overexpressing c-Src were incubated with the Cef-or IgG-coated beads, the signal for activated c-Src was concentrated at the contact sites between the Cefcoated beads and the cells, but not at the contact sites between the IgG-coated beads and the cells (Figure 1c) . These results indicate that c-Src is locally activated at the E-cadherin-based cell-cell adhesion sites and is necessary for the trans-interacting E-cadherin-induced activation of Rac, which induces the formation of lamellipodial cell protrusions.
Involvement of Vav2 as a Rac-GEF in the trans-interacting E-cadherin-induced, c-Src-mediated activation of Rac We have previously shown that Vav2 is involved as a GEF in the trans-interacting nectin-induced activation of Rac . We examined whether Vav2 is also involved in the trans-interacting E-cadherin-induced activation of Rac. The Cef-induced formation of lamellipodial cell protrusions was inhibited by overexpression of Myc-tagged dominant-negative mutant of Vav2 (Myc-Vav2-DN) in EL cells (Figure 2a) . Essentially the same results were obtained in E-cadherin-MDCK cells. When EL cells overexpressing FLAG-Vav2 and GFP-Rac1 were incubated with the Cef-or IgG-coated beads, both FLAG-Vav2 and GFP-Rac1 were recruited to the contact sites between the Cef-coated beads and the cells (Figure 2b ). Both of them were hardly recruited to the contact sites between the IgG-coated beads and the cells. We have previously shown that Vav2 is tyrosine-phosphorylated by c-Src, of which activation is induced by trans-interacting nectin . When EL cells transiently overexpressing FLAG-Vav2 and c-Src were incubated with Cef or IgG as a control, Cef induced tyrosine phosphorylation of Vav2 in the presence of PP3, but not in the presence of PP2 (Figure 2c ). IgG did not induce the tyrosine phosphorylation of Vav2 irrespective of the presence of PP2 and PP3. These results indicate that Vav2 is recruited to the E-cadherin-based cell-cell adhesion sites and tyrosine-phosphorylated by c-Src, and that Vav2 is necessary for the trans-interacting E-cadherin-induced activation of Rac, although the sequential order of the recruitment and phosphorylation of Vav2 remains unknown.
Involvement of Rap1 in the trans-interacting E-cadherin-induced activation of Rac We have previously shown that Rap1 is additionally involved in the trans-interacting nectin-induced, c-Srcmediated, FRG-catalysed activation of Cdc42 . Recent reports have also demonstrated that Rap1 is involved in the trans-interacting E-cadherin-based cell-cell adhesion in MCF7 cells and Ras-transformed MDCK cells (Hogan et al., 2004; Price et al., 2004) . Therefore, we examined whether Rap1 is involved in the trans-interacting E-cadherin-induced activation of Rac in EL cells. Overexpression of Rap1 GTPase-activating protein (Rap1GAP) known to inactivate Rap1 (Rubinfeld et al., 1991) inhibited the Cefinduced formation of lamellipodial cell protrusions ( Figure 3a) . Cef induced activation of Rap1 in a timedependent manner as estimated by the pulldown assay using glutathione-S-transferase-RalGDS-Ras-binding domain (GST-RalGDS-RBD) in EL cells, whereas control IgG did not activate Rap1 (Figure 3b ). EL cells transiently overexpressing GFP-Rap1 were cultured with the Cef-coated beads in the presence of PP2 or PP3. The signals for b-catenin, which is linked to the cytoplasmic region of E-cadherin, and GFP-Rap1 were concentrated at the contact sites between the Cef-coated beads and EL cells in the presence of PP3. The signal for b-catenin was observed there in the presence of PP2, but that for GFP-Rap1 was markedly attenuated (Figure 3c ). It is likely from these results that Rap1 is recruited to the E-cadherin-based cell-cell adhesion sites Cadherin signaling for Rac activation T Fukuyama et al and locally activated there by the action of c-Src, and that Rap1 activated in this way is necessary for the trans-interacting E-cadherin-induced, c-Src-mediated activation of Rac. However, the activation of Rap1 alone was not sufficient for it, because V12Rap1, a constitutively active mutant of Rap1, did not suppress the inhibitory effect of PP2 on the Cef-induced formation of protrusions ( Figure 3a) .
Involvement of Crk and C3G in the trans-interacting E-cadherin-induced activation of Rac
We have previously shown that the trans-interacting nectin-induced, c-Src-mediated activation of Rap1 is catalysed by C3G, a Rap1-GEF, through Crk adaptor protein . Another group has also found that C3G interacts with the cytoplasmic domain of E-cadherin and plays a role in the establishment of E-cadherin-based AJs (Hogan et al., 2004) . We then examined whether dominant-negative mutants of Crk (Crk-DN) and C3G (C3G-DN) inhibit the Cef-induced, c-Src-mediated activation of Rac in EL cells. EL cells transiently coexpressing FLAG-Crk-DN or C3G-DN with GFP-V12Rap1 or GFP as a control were cultured on the Cef-coated coverslips. Lamellipodial cell protrusions were hardly formed in the cells coexpressing FLAG-Crk-DN or C3G-DN with GFP ( Figure 4 ). The inhibitory effects of FLAG-Crk-DN and C3G-DN were suppressed by coexpression of GFP-V12Rap1, a constitutively active mutant of Rap1 fused to GFP. These results indicate that Crk and C3G are involved in the trans-interacting E-cadherin-induced activation of Rac through Rap1.
Requirement of both the c-Src-catalysed tyrosine phosphorylation and the activation of Rap1 for the trans-interacting E-cadherin-induced activation of Vav2 on Rac To confirm that c-Src and Rap1 are indeed involved in the trans-interacting E-cadherin-induced activation of 
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Vav2 on Rac, we measured the GEF activity of Vav2 immunoprecipitated from EL cells transiently overexpressing FLAG-Vav2 and c-Src with GFP-V12Rap1, GFP-Rap1GAP, or GFP as a control. These cells were incubated with Cef or IgG in the presence or absence of PP2 and subjected to the immunoprecipitation using the anti-FLAG monoclonal antibody (mAb). The GEF activity of Vav2 on Rac from the Cef-treated cells was higher than that from the IgG-treated cells ( Figure 5 ). The Cef-induced activation of Vav2 was inhibited by Cadherin signaling for Rac activation T Fukuyama et al PP2 and GFP-Rap1GAP. The inhibitory effect of PP2 on Vav2 activity was not rescued by GFP-V12Rap1. These results are consistent with the above results ( Figure 3a) and indicate that the c-Src-catalysed tyrosine phosphorylation or the activation of Rap1 alone is not sufficient for and both are necessary for the transinteracting E-cadherin-induced activation of Vav2.
No requirement of the activation of Rap1 for the trans-interacting E-cadherin-induced recruitment or phosphorylation of Vav2
We examined whether the trans-interacting E-cadherininduced, c-Src-mediated activation of Rap1 is necessary for the recruitment of Vav2 to the E-cadherin-based cell-cell adhesion sites and for the c-Src-mediated Figure 4 Involvement of Crk and C3G in the trans-interacting E-cadherin-induced activation of Rac. EL cells transiently overexpressing in the combination of FLAG-Crk-DN, C3G-DN, GFP-V12Rap1, or GFP were cultured on the Cef-coated coverslips for 2 h. The cells were fixed and stained for F-actin, FLAG-Crk-DN, and C3G-DN with rhodamine-phalloidin, the anti-FLAG mAb, and the anti-C3G pAb, respectively. Scale bars, 10 mm. Bars in the graph represent the percentage of spreading cells with lamellipodial cell protrusions of the total 100 cells counted, and are expressed as means7s.e.'s of three independent experiments.
Cadherin signaling for Rac activation T Fukuyama et al tyrosine phosphorylation of Vav2. EL cells transiently overexpressing FLAG-Vav2 with GFP-Rap1GAP or GFP as a control were cultured with the Cef-or IgGcoated beads. The immunofluorescence signal for FLAG-Vav2 was observed at the contact sites between the Cef-coated beads and EL cells overexpressing GFP, but not between the IgG-coated beads and the cells (Figure 6Aa ). The overexpression of GFP-Rap1GAP did not affect the recruitment of FLAG-Vav2 at the contact sites between the Cef-coated beads and EL cells (Figure 6Ab ). EL cells transiently overexpressing FLAG-Vav2 and c-Src with GFP-Rap1GAP or GFP were incubated with clustered Cef or IgG and subjected to the immunoprecipitation using the anti-FLAG mAb, followed by Western blotting with the antiphosphotyrosine mAb. The Cef-induced tyrosine phosphorylation of Vav2 was not affected by Rap1GAP ( Figure 6B ). These results indicate that the activation of Rap1 is not necessary for the recruitment of Vav2 to the E-cadherinbased cell-cell adhesion sites or the c-Src-mediated tyrosine phosphorylation of Vav2.
Involvement of PI3-kinase in the trans-interacting E-cadherin-induced activation of Rac
We have previously shown that wortmannin, a PI3-kinase inhibitor, attenuates the trans-interacting E-cadherin-induced activation of Rac in EL cells (Hoshino et al., 2004) , although the trans-interacting nectin-induced activation of Cdc42 and Rac is independent of PI3-kinase in L cells overexpressing nectin-1 (Honda et al., 2003b) . In the last set of experiments, we examined how PI3-kinase is involved in the trans-interacting E-cadherin-induced, c-Src-and Rap1-mediated, Vav2-catalysed activation of Rac. We first confirmed that wortmannin inhibited the Cefinduced formation of lamellipodial cell protrusions as described (Figure 7a ) (Hoshino et al., 2004) . In the presence of wortmannin, overexpression of V12Rap1 did not restore the inhibition by wortmannin of the Cef-induced formation of protrusions, whereas the inhibition was restored by the overexpression of a FLAG-tagged constitutively active mutant of Vav2 (FLAG-Vav2-CA). Moreover, the inhibition by Rap1-GAP of the Cef-induced formation of protrusions was indeed rescued by the coexpression with a constitutively active mutant of PI3-kinase (PI3-kinase-CA). These Figure 7 Involvement of PI3-kinase in the trans-interacting E-cadherin-induced activation of Rac. (a) Cell-spreading assay. EL cells transiently overexpressing GFP-V12Rap1, FLAG-Vav2-CA, or GFP were cultured on the Cef-coated coverslips in the presence or absence of wortmannin for 2 h. EL cells overexpressing GFP-Rap1GAP were infected with or without adenovirus bearing PI3-kinase-CA and were then cultured on the Cef-coated coverslips for 2 h. Similarly, EL cells infected with or without adenovirus bearing PI3-kinase-CA were cultured on the Cef-coated coverslips in the presence of PP2 or PP3 for 2 h. The cells were fixed and stained for F-actin and FLAG-Vav2-CA with rhodamine-phalloidin and the anti-FLAG mAb, respectively. Scale bars, 10 mm. Bars in the graph represent the percentage of spreading cells with lamellipodial cell protrusions of the total 100 cells counted, and are expressed as means7s.e.'s of three independent experiments. (b) Tyrosine phosphorylation assay. EL cells transiently overexpressing FLAG-Vav2 and c-Src were treated with clustered Cef or IgG in the presence or absence of wortmannin for 30 min and then subjected to the immunoprecipitation with the anti-FLAG mAb, followed by Western blotting using the anti-FLAG and antiphosphotyrosine (RC20) mAbs. The results shown are representative of three independent experiments.
Cadherin signaling for Rac activation T Fukuyama et al results indicate that PI3-kinase functions downstream of Rap1 and upstream of Vav2. In addition, when EL cells transiently overexpressing PI3-kinase-CA were cultured on the Cef-coated coverslips in the presence of PP2 or PP3, the inhibition by PP2 of the Cef-induced formation of lamellipodial cell protrusions was not rescued by PI3-kinase-CA, whereas PP3 did not affect the effect of PI3-kinase-CA on the trans-interacting E-cadherininduced formation of the protrusions. These results indicate that the activation of PI3-kinase is necessary, but not sufficient, for the trans-interacting E-cadherininduced, c-Src-and Rap1-mediated activation of Rac and subsequent formation of lamellipodial cell protrusions.
Finally, EL cells transiently overexpressing FLAGVav2 and c-Src were incubated with Cef or IgG in the presence or absence of wortmannin and subjected to the immunoprecipitation using the anti-FLAG mAb, followed by Western blotting with the antiphosphotyrosine mAb. The Cef-induced tyrosine phosphorylation of Vav2 was not affected by the treatment with wortmannin ( Figure 7b ). These results are consistent with the above results ( Figure 6B ) and indicate that the activation of PI3-kinase is not involved in the transinteracting E-cadherin-induced, c-Src-mediated tyrosine phosphorylation of Vav2.
Discussion
We have first demonstrated here by use of L fibroblasts and MDCK epithelial cells stably expressing E-cadherin that c-Src is involved in the trans-interacting E-cadherin-induced activation of Rac. In these cells, we could not detect the activation of Cdc42 by transinteracting E-cadherin. We have next shown here that Vav2 is a GEF responsible for the trans-interacting E-cadherin-induced activation of Rac. Vav2 is tyrosinephosphorylated by c-Src, but this tyrosine phosphorylation is not sufficient for the activation of Vav2. We have then found that Rap1 is activated through c-Src by the trans-interacting E-cadherin and is necessary for the trans-interacting E-cadherin-induced activation of Rac. The c-Src-induced activation of Rap1 is mediated by Crk and catalysed by C3G. Activated Rap1 then induces the activation of tyrosine-phosphorylated Vav2, although activated Rap1 alone is not sufficient for the activation of non-phosphorylated Vav2. Thus, both tyrosine-phosphorylated Vav2 and activated Rap1 are necessary for the activation of Vav2 and subsequent activation of Rac. These observations are likely to be consistent with the recent findings that activated Rap1 promotes cell spreading through Vav2 recruited to the cell periphery, where lamellipodia are formed in Hela cells (Arthur et al., 2004) .
Recent studies have shown that Rap1 is involved in the E-cadherin-based cell-cell adhesion (Hogan et al., 2004; Price et al., 2004) . One study has clarified that the expression of V12Rap1 (a constitutively active form of Rap1) suppresses the mesenchymal phenotype in Rastransformed MDCK cells and that the activation of endogenous Rap1 is also resistant against the HGFinduced cell scattering (Price et al., 2004) . Another paper has proposed the model that trans-interacting E-cadherin induces the activation of Rap1 through C3G in MCF7 epithelial cells and that activated Rap1 is necessary for further accumulation of E-cadherin at the cell-cell adhesion sites from the cytoplasmic or plasma membrane pool, leading to the establishment of the formation of AJs (Hogan et al., 2004) . Moreover, overexpression of a C-terminal truncated mutant of C3G, which binds to E-cadherin but lacks the catalytic domain, inhibits the localization of E-cadherin at the cell-cell adhesion sites and impairs the formation of E-cadherin-based AJs. Our present data are consistent with these observations and it has become substantial that Rap1 is involved in the E-cadherininduced activation of Rac.
The activation mechanism of Vav2 by trans-interacting E-cadherin is similar to that by trans-interacting nectin. In the trans-interacting nectin-induced signaling, Vav2 is tyrosine-phosphorylated by c-Src, which is activated by trans-interacting nectin . The tyrosine phosphorylation of Vav2 alone is not sufficient for the activation of Vav2. For the activation of tyrosine-phosphorylated Vav2, Cdc42, which is activated by the action of c-Src, is additionally necessary. However, it remains unknown how Cdc42 induces the activation of tyrosine-phosphorylated Vav2. PI3-kinase is not involved in the Cdc42-mediated activation of tyrosine-phosphorylated Vav2 in the trans-interacting nectin-induced signaling. Extending these earlier observations, we have shown here that Rap1 mediates the activation of tyrosine-phosphorylated Vav2 in the trans-interacting E-cadherin-induced signaling. Furthermore, although involvement of PI3-kinase in the trans-interacting E-cadherin-induced activation of Rac is controversial (Nakagawa et al., 2001; Noren et al., 2001; Betson et al., 2002; Kovacs et al., 2002) , we have observed here that the activation of PI3-kinase is necessary for the trans-interacting E-cadherininduced activation of Vav2 and Rac. A number of proteins have been shown to function downstream of Rap1 as effectors for Rap1. The candidates for such proteins include RalGDS, B-Raf, RAPL, RIAM, and PI3-kinase (Bos et al., 2001; Bos, 2005) . Among these putative effector molecules of Rap1, the activation of PI3-kinase and the phosphorylation of its downstream molecule Akt are regulated by Rap1 in thyroid cells during the thyrotropin-induced differentiation (Tsygankova et al., 2001) . We have shown here in the transinteracting E-cadherin-induced signaling that PI3-kinase functions downstream of Rap1 and upstream of Vav2. PI3-kinase is involved in the activation of tyrosinephosphorylated Vav2, but not in the c-Src-mediated phosphorylation of Vav2. Similarly to Rap1, the activation of PI3-kinase alone is not sufficient for the activation of nonphosphorylated Vav2.
Our previous results have indicated that trans-interacting nectin, but not non-trans-interacting nectin, induces activation of both Cdc42 and Rac (Kawakatsu et al., 2002 Fukuhara et al., 2004; Fukuyama et al., 2005) , whereas, in the present data, transinteracting E-cadherin induces activation of only Rac. We have also reported that when L cells stably overexpressing both nectin-1 and E-cadherin are incubated with the Cef-coated beads, Cef trans-interacts with cellular E-cadherin and recruits non-trans-interacting nectin-1 to the E-cadherin-based bead-cell contact sites (Honda et al., 2003c) . Non-trans-interacting nectin-1 is likely to be similarly recruited to the contact sites between the Cef-coated beads and EL cells, which express a small amount of endogenous nectin-1 (MartinezRico et al., 2005) , although the signal for nectin-1 was barely detected there probably due to its low expression (data not shown). Taken together, it is evident that the trans-interacting E-cadherin-induced activation of Rac is not mediated simply by the trans-interacting nectininduced signaling pathway. However, we cannot exclude the possibility that non-trans-interacting nectin recruited to the E-cadherin-based contact sites may play a role in the trans-interacting E-cadherin-induced signaling.
Overall, we summarize in Figure 8 the signaling pathway from trans-interacting E-cadherin to the activation of Rac, which then reorganizes the actin cytoskeleton and is involved in the stabilization of E-cadherin on the cell surface. In this signaling pathway, the Crk-C3G-Rap1-PI3-kinase cascade is involved in the activation of tyrosine-phosphorylated Vav2 mediated by c-Src. It has previously been demonstrated that DOCK180, which binds to Crk, directly activates Rac in 293T cells transiently coexpressing DOCK180 and Rac (Kiyokawa et al., 1998) . We cannot exclude the possibility that DOCK180 or other signaling molecules are also additionally related to the trans-interacting E-cadherin-induced activation of Rac in EL and E-cadherin-MDCK cells. However, in our assay system, the inhibitors of c-Src and PI3-kinase and the dominantnegative mutants of Crk, C3G, and Rap1 attenuate the cell spreading and lamellipodial cell protrusions to similar extents. Therefore, the signaling pathway shown here is likely to be the major one at least in EL and MDCK cells.
Materials and methods
Plasmid constructions and protein purification V12Rap1B, a constitutively active mutant of Rap1B, was prepared as described . The cDNA of Rap1GAP was a gift from Dr P Casey (Duke University, Durham). Expression vectors for GFP-tagged Rap1 (pEGFPRap1), GFP-tagged V12Rap1 (pEGFP-V12Rap1), and GFPtagged Rap1GAP (pEGFP-Rap1GAP) were constructed as described . The full-length mouse Vav2 cDNA was kindly provided from Dr XR Bustelo (State University of New York, Stony Brook, NY). A Vav2 mutant changing Leu 212 to Gln was used as Vav2-DN, and an Nterminal region (amino acids: 1-183)-truncated mutant of Vav2 was used as Vav2-CA as described (Kodama et al., 2000) . Expression vectors for FLAG-tagged wild-type Vav2 (pEF-BOS-FLAG-Vav2), Myc-tagged Vav2-CA (pCIneoMyc-Vav2-CA), and Myc-tagged Vav2-DN (pCIneo-MycVav2-DN) were constructed as described . Expression vectors for a FLAG-tagged Crk-DN (CrkI-W169L; pIRM21-FLAG-Crk-DN) and C3G-DN (pCAGGS-C3G-DN), which lacks the catalytic domain, were kindly provided from Dr M Matsuda (Osaka University, Suita, Japan) (Ichiba et al., 1997; Sakakibara et al., 2002) . Expression vectors for wild-type c-Src (pcDNA-c-Src), GST-RalGDS-RBD (pGEX-RalGDS-RBD), and GST-PAK-Cdc42/Rac interactive binding region (pGEX-PAK-CRIB) were generous gifts from Dr M Okada (Osaka University, Suita, Japan), Dr A Kikuchi (Hiroshima University, Hiroshima, Japan), and Dr T Takenawa (Tokyo University, Tokyo, Japan), respectively. All the constructs used here were confirmed by sequencing. The GST-RalGDS-RBD fusion protein and GST-PAK-RBD fusion protein were overexpressed and purified from Escherichia coli according to the manufacturer's protocol (Amersham Biosciences). Cef was prepared as described (Honda et al., 2003c) . Protein concentrations were determined by using the BCA protein assay kit (PIERCE) with BSA as a reference protein.
Antibodies
A rabbit anti-Rap1 polyclonal antibody (pAb) (Santa Cruz Biotechnology), a rabbit anti-phospho-Src (Tyr 416 ) pAb (Cell Signaling Technology), a mouse anti-Cdc42 mAb (Pharmingen), a mouse anti-Rac1 mAb (Upstate Biotechnology), a mouse anti-FLAG mAb (Sigma), a mouse antiphosphotyrosine (RC20) mAb (Pharmingen), and a mouse anti-b-catenin mAb (Santa Cruz) were purchased from commercial sources. Horseradish peroxidase-conjugated (Chemicon) and fluorophore-labeled (Molecular Probes) secondary Abs were used. A rabbit anti-C3G pAb was kindly supplied from Dr M Matsuda. Hybridoma cells expressing a mouse anti-Myc mAb (9E10) were obtained from the American Type Culture Collection and prepared as described (Kodama et al., 1999) .
Cell culture, DNA transfection, and adenovirus infection EL cells, which were generated by introduction of the exogenous E-cadherin cDNA to cadherin-deficient L cells (Nagafuchi et al., 1987) , were kindly provided from Dr Sh Tsukita (Kyoto University, Kyoto, Japan). E-Cadherin-MDCK cells were prepared by infecting ecotropic retroviruscompetent MDCK cells with pMXII-E-cadherin-GFPN (Hoshino et al., 2004) . These cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum. Transfection and immunofluorescence microscopy of cultured cells with a confocal imaging system (Radian 2000, Bio-Rad Laboratories) were performed as described (Takahashi et al., 1999 ). An adenovirus vector encoding a constitutively active mutant of p110 subunit of PI3-kinase (AxCAMyr-p110) was kindly supplied by Dr M Kasuga and adenoviruses expressing CAMyr-p110 were generated as described (Kitamura et al., 1999) . EL cells were infected with the adenoviruses at a multiplicity of infection of 0.1 PFU/cell and the infection efficiency was more than 90% (data not shown).
Assays for cell spreading and bead-cell contact The cell-spreading assay was performed as described (Hoshino et al., 2004) . For inhibition of the activity of SFKs, the cells were treated with 20 mM PP2 (Calbiochem-Novabiochem) or 20 mM PP3 (Calbiochem-Novabiochem) dissolved in DMSO for 1 h before replating the cells on the coverslips coated with Cef or IgG. The bead-cell contact was also assayed as described . Briefly, EL cells were seeded on each well of a 24-well plate and cultured in DMEM containing 10% fetal calf serum for 12 h. Latex-sulfate microbeads coated with Cef or IgG were added to each well. After a 30-min incubation, the cells were fixed and immunostained.
Pulldown assay for small G proteins
The pulldown assay was performed as described . In brief, 26 mg of Cef or human IgG Fc (Sigma) was clustered using 9 mg of the anti-human IgG (Fc specific) pAb (Sigma) in 50 ml of PBS at room temperature for 1 h. After a 16-h serum starvation of EL cells (5 Â 10 5 cells/60-mm dish), the medium was replaced by 1 ml of DMEM containing clustered Cef or IgG and the cells were incubated for the indicated periods of time. The cells were then washed with 1 ml of ice-cold PBS containing 1 mM sodium vanadate, lysed in Buffer A (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl 2 , 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium vanadate) containing 10 mg GST-fusion proteins, GST-RalGDS-RBD for Rap1, or GST-PAK-CRIB for Cdc42 and Rac, and incubated at 21C for 30 min. The cell extract was obtained by centrifugation at 20 000 g at 01C for 5 min and incubated with 50 ml of glutathione-Sepharose beads (Amersham Biosciences) at 21C for 1 h. After the beads were washed with buffer A, proteins bound to the beads were eluted with Laemmli buffer and subjected to SDS-PAGE, followed by Western blotting.
Assays for immunoprecipitation and GEF activity
The immunoprecipitation assay was performed as described . In brief, EL cells (1.5 Â 10 6 cells/100-mm dish) were transfected with various combinations of pEF-BOS-FLAG-Vav2, pcDNA-c-Src, pEGFP, pEGFP-V12Rap1, or pEGFP-Rap1GAP. After an 8-h culture, the cells were serum-starved for 16 h. The medium was then replaced by 3 ml of DMEM containing clustered Cef or IgG and the cells were incubated for 30 min. The cells were washed twice with 3 ml of ice-cold PBS containing 1 mM sodium vanadate, lysed in 0.5 ml of buffer B (20 mM Tris/HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 10 mM (p-amidinophenyl) methanesulfonyl fluoride hydrochloride, 20 mM bglycerophosphate/Na, 10 mM sodium fluoride, 1 mM sodium vanadate, and 1% phosphatase inhibitor cocktail 1 (purchased from Sigma; including cantharidin, bromotetramisole, and microcystin LR)), and incubated on ice for 10 min. The cell extracts were obtained by centrifugation at 20 000 g at 41C for 15 min, incubated with 5 ml of the anti-FLAG mAb at 41C for 1 h, and further incubated with 50 ml of protein G-Sepharose 4 fast flow beads (Amersham Biosciences) for 1 h. After the incubation, the beads were washed with Buffer B. Proteins bound to the beads were eluted with Laemmli buffer and subjected to SDS-PAGE, followed by Western blotting. The GEF activity of Vav2 on Rac1 was assayed as described (Yamamoto et al., 1990) . The binding of [ 
